In vertebrate organisms, temporally and spatially regulated posttranscriptional events direct development during the first hours following fertilization, when there is an absence of zygotic transcription (5, 24, 49) . These posttranscriptional events are critical for controlling the expression and/or the activity of maternally derived determinants, unique maternal proteins that control embryonic cell fate decisions (18) . While studies of Xenopus laevis embryos have revealed that a diverse set of mechanisms control the expression of maternal determinants, including mRNA localization (23) and protein stability (54) , the role of regulated maternal mRNA translation during early embryonic development is poorly understood. Translational regulation is a well-known mechanism that activates stored quiescent cell cycle mRNAs during oocyte maturation (5, 6, 49) . However, the mechanisms that control the translation of mRNAs that encode maternal determinants during early vertebrate embryogenesis are likely to have unique features distinct from those that activate mRNAs encoding cell cycle proteins. In particular, mRNAs encoding cell cycle proteins must be translationally activated to produce copious amounts of uniformly distributed cell cycle proteins to drive the rapid early cell divisions. In contrast, the expression of maternal determinants must be tightly controlled in terms of absolute dosage as well as in terms of spatial and temporal location within the developing embryo. In this study, we analyze the control of the xCR1 mRNA encoding the nodal signaling protein Cripto, as a model for translational regulation of a maternal determinant in Xenopus embryos.
The nodal signaling pathway is a maternally derived pathway important for the development of vertebrate organisms (41) .
Cripto proteins are critical coreceptors of this pathway. In Xenopus, the Cripto protein xCR1 (Xenopus Cripto 1) is an important maternal determinant required for nodal signaling. Perturbing the expression of xCR1 affects anterior/posterior patterning (45, 53) . Significantly, accumulation of the xCR1 protein during Xenopus development is both temporally and spatially regulated (9) . The xCR1 protein accumulates in embryonic cells only after fertilization, and then, only in animal and marginal zone cells; the xCR1 protein is absent from vegetal cells. RNA localization mechanisms cannot explain the asymmetric distribution of the xCR1 protein since the xCR1 maternal mRNA is present during all stages of development and in all embryonic cells. Thus, regulated translation and differential protein stability are mechanisms that could explain the restricted localization of the xCR1 protein to animal cells. In this study, we examined the contribution of regulated xCR1 mRNA translation to the spatially restricted accumulation of the xCR1 protein in animal cells of Xenopus embryos. We provide evidence that translation of xCR1 mRNA was activated after fertilization but was specifically repressed within the vegetal cells of embryos through the action of Pumilio binding elements (PBEs) and CUG-BP1 binding sites contained within xCR1 mRNA's 3Ј untranslated region (3Ј UTR). Thus, the correct temporal and spatial distribution of the maternal determinant xCR1 resulted from a combination of temporally controlled translational activation and spatially restricted repression mechanisms mediated by xCR1 mRNA's 3Ј UTR.
RESULTS
The association of xCR1 mRNA with polyribosomes was temporally and spatially regulated. The Xenopus xCR1 protein is not present in eggs, but it accumulates in animal cells following fertilization (9) . To determine whether regulated translation contributed to the temporally regulated accumulation of the xCR1 protein, the association of xCR1 mRNA with polyribosomes from eggs and different embryonic stages was analyzed ( Fig. 1A) (10) . xCR1 mRNA was not associated with polyribosomes in eggs, but an increasing fraction of the xCR1 mRNA was associated with polyribosomes in embryos as development proceeded (Fig. 1B, compare lanes 2 and 3) . The xCR1 mRNA-polyribosome association was disrupted by the presence of EDTA, a treatment that dissociates polyribosomes (Fig. 1B, compare lanes 2 and 4) . Analysis of the same fractions for the cyclin B1 mRNA showed a robust association of this mRNA with polyribosomes in both eggs and embryos (Fig.  1B, compared lanes 7 and 8) , consistent with the robust translation of cyclin B1 mRNA previously observed in eggs and embryos (10, 42) . Thus, translational activation of maternal xCR1 mRNA was delayed until the 16-to 32-cell stage, providing evidence that the temporal accumulation of the xCR1 protein was controlled at the level of xCR1 mRNA translation.
To test whether translational regulation also contributed to the differential spatial distribution of the xCR1 protein in embryos, polyribosome analysis was repeated using isolated animal and vegetal embryo fragments (Fig. 1C) . Polyribosomes from animal pole cells contained xCR1 mRNA (Fig. 1D , lane 2), whereas polyribosomes from vegetal cells were depleted of xCR1 mRNA (Fig. 1D, lane 5) . In contrast, the cyclin B1 mRNA was associated with polyribosomes from both the animal and vegetal cells (Fig. 1D , compare lanes 2 and 5). These data provided evidence that translation of maternal xCR1 mRNA was restricted to cells of the animal pole.
Changes in poly(A) correlated with temporal but not spatial regulation of xCR1 mRNA translation. The addition and removal of poly(A) are mechanisms commonly used to regulate maternal mRNA translation (48, 49) . In general, mRNAs with long poly(A) tails are translated more efficiently than are mRNAs with short tails. To determine whether regulated xCR1 mRNA translation could be explained by changes in polyadenylation, the poly(A) tails of the xCR1 mRNAs from eggs and embryos were analyzed by RNA ligation-coupled RT-PCR ( Fig. 2A) (3) . Prior to analysis, half of each RNA sample was treated with oligo(dT)/RNase H to remove any poly(A) present. In this assay, the presence of 3Ј poly(A) generates a heterogeneous distribution of high-molecular-weight RT-PCR products, whose size in comparison to poly(A)-deficient controls indicates the lengths of the poly(A) tails on the mRNAs in a sample.
The xCR1 mRNA in oocytes contained a short (Ͻ20 nucleotides) poly(A) tail (Fig. 2B, lanes 1 to 2) , as the RT-PCR products with and without RNase H/oligo(dT) treatment were similar in size and the poly(A) did not increase in length during oocyte maturation (data not shown). However, the xCR1 mRNAs from 16-to 32-cell and stage 7 embryos possessed poly(A) tails of ϳ60 nucleotides in length, as indicated by higher-molecular-weight RT-PCR products that were sensitive to RNase H/oligo(dT) treatment (Fig. 2B, lanes 3 to 6) . Thus, the poly(A) tail of the xCR1 mRNA was elongated during embryogenesis, coincident with the temporal polyribosome association of the xCR1 mRNA (Fig. 1B) and consistent with the established role of poly(A) tail lengthening in translational activation.
If polyadenylation were important for the spatial differences in translation, then the xCR1 mRNA should be polyadenylated in animal cells but not in vegetal cells. However, analysis of the xCR1 mRNA isolated from either isolated animal or vegetal halves of stage 7 embryos revealed that the xCR1 mRNA contained a poly(A) tail of similar length regardless of its source ( Fig. 2C and D) . Thus, although polyadenylation might contribute to the temporally regulated translational activation of xCR1 mRNA, it was not sufficient to explain the spatial distribution of translationally active xCR1 mRNA.
The 3 UTR of the Xenopus xCR1 mRNA was sufficient to confer vegetal cell-specific translational repression to a luciferase reporter mRNA. To further investigate the mechanisms of spatially restricted translation, a reporter mRNA containing the 3Ј UTR of xCR1 mRNA (Luc/xCR1-3ЈUTR-WT) was created (Fig. 3A) . For comparison, a second reporter mRNA was used, which contained the 3Ј UTR of cyclin B1 mRNA (10, 42) . The cyclin B1 mRNA 3Ј UTR was chosen as our control because, in contrast to xCR1 mRNA, cyclin B1 mRNA was recruited to polyribosomes in both animal and vegetal cells of embryos (Fig. 1D) . Each reporter was injected into either the animal or vegetal cells of eight-cell embryos (Fig. 3B) . Extracts prepared from injected embryos when they reached stage 7 were assayed for luciferase activity. 
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In three independent experiments, the absolute levels of luciferase produced by the Luc/xCR1-3ЈUTR-WT reporter mRNA were greater in animal cells than in vegetal cells (Fig.  3C , top panels). In contrast, the levels of luciferase produced by the Luc/cyclin B1-3ЈUTR reporter mRNA were similar in animal and vegetal cells. The consistency of these data between experiments was particularly obvious when ratios of luciferase activity produced by vegetal cell-injected embryos to animal cell-injected embryos (vegetal/animal luciferase ratio [VG/AN ratio]) were presented (Fig. 3C , bottom panel). These effects were due to translational differences rather than differences in mRNA stability, as the levels of each reporter mRNA were similarly stable in animal and vegetal cells (Fig. 3D) . Together, these data indicated that the Luc/xCR1-3ЈUTR-WT and Luc/ cyclin B1-3ЈUTR reporter mRNAs produced spatial translation patterns within embryos that recapitulated the behavior of the native xCR1 and cyclin B1 mRNAs on polyribosomes (Fig.  1D) . Therefore, the xCR1 mRNA 3Ј UTR contained elements that restricted the efficient translation of xCR1 mRNA to animal cells. In particular, based on the absolute luciferase values produced by the reporter mRNAs in animal cell-and vegetal cell-injected embryos, the xCR1 mRNA 3ЈUTR contained elements that repressed translation of xCR1 mRNA in vegetal cells.
The central region of the xCR1 mRNA 3UTR was sufficient to direct vegetal cell-specific translational repression. To define the sequences responsible for vegetal cell-specific translational repression, reporter mRNAs containing different regions of the xCR1 3Ј UTR (Fig. 4) were analyzed. The Luc/ xCR1-3ЈUTR-Mut2 reporter that contained only the central 351 nucleotides of the xCR1 3ЈUTR was translated less efficiently by vegetal cells than it was by animal cells (VG/AN ratio of 0.12). . Primer P1 is ligated to the 3Ј end of the RNA. cDNA is primed using primer P1Ј (complementary to P1). PCR amplification of the cDNA using a gene-specific primer and primer P1Ј generates a PCR product whose size depends on the length of the poly(A) tail. Poly(A) can be removed prior to RL-PAT by treatment with oligo(dT)/RNase H. PAGE, polyacrylamide gel electrophoresis. (B) The xCR1 mRNA has a short poly(A) tail in oocytes that is extended by ϳ60 adenosines in 16-to 32-cell and stage 7 embryos. RL-PAT performed on RNA from oocytes, 16-to 32-cell embryos, and intact stage 7 embryos. (C and D) The xCR1 mRNA is polyadenylated in animal and vegetal cells. RL-PAT was performed on RNA from the animal and vegetal halves of stage 7 embryos. nts, nucleotides; Mol.Wt Mks, molecular weight markers; An, animal; Veg, vegetal; St.7, stage 7. ϩ, present; Ϫ, absent.
This ratio was comparable to that produced by the reporter mRNA containing the entire xCR1 3Ј UTR (Fig. 4B , compare Mut2 to xCR1-WT). In contrast, the reporter mRNAs containing the Mut1, Mut3, or Mut-SH xCR1 3Ј UTRs produced similar levels of luciferase in both vegetal and animal cells (Fig. 4B) , suggesting that these reporter mRNAs lacked sequences necessary for efficient vegetal cell-specific translational repression. Control experiments (Fig. 4D) indicated that the reporter mRNAs were equally stable in animal and vegetal cells. Thus, the central 351 nucleotides of the xCR1 3Ј UTR (nucleotides 286 to 637) contained sequences sufficient for vegetal cell-specific translational repression of the xCR1 mRNA.
The xCR1 mRNA is polyadenylated in both animal and vegetal cells (Fig. 2) , suggesting that differential polyadenylation cannot explain the differences in translation. To further address this issue, we analyzed the polyadenylation of an RNA consisting of the xCR1 Mut2 3Ј UTR. Radiolabeled versions of this RNA and the cyclin B1 3Ј UTR were injected into animal or vegetal cells of eight-cell embryos. Once the embryos reached stage 7, the RNAs were isolated and analyzed by denaturing gel electrophoresis. The xCR1 Mut2 RNA was not polyadenylated in either animal or vegetal cells (Fig. 4D) . In contrast, the cyclin B1 3Ј UTR was efficiently polyadenylated in both cell types (Fig. 4D) . These results provided additional evidence that vegetal cell-specific repression occurs independently of polyadenylation.
The 5 cap was required for vegetal cell-specific translational repression. Some repression mechanisms that function on maternal mRNAs interfere with the binding of translational initiation factors to the mRNA 5Ј cap and such repression is cap dependent (5, 48) . To test whether vegetal cell-specific repression of the xCR1 mRNA was cap dependent, a reporter mRNA that contained the IRES from the CSFV was generated (Luc/xCR1-3ЈUTR-MUT2-CSFV-IRES [ Fig. 5A]) (35) . The CSFV IRES allows translation to occur without a 5Ј cap. To protect the stability of this reporter mRNA, it was synthesized with an ApppG structure in place of the normal GpppG 5Ј cap. ApppG cannot direct translation but ensures that the mRNA is not degraded by 5Ј exonucleases. The reporter mRNA containing 5Ј ApppG, the CSFV IRES and the Mut2 region of the xCR1 mRNA's 3Ј UTR (Luc/xCR1-3ЈUTR-MUT2-CSFV-IRES) was injected into animal and vegetal cells, and the ratios of luciferase activities were compared to those of the controls. The CSFV IRES-Mut2 reporter mRNA was not repressed in vegetal cells, in contrast to the control reporter containing the Mut2 region and a normal 5Ј cap (Fig.  5B) . Control experiments indicated that reporter mRNAs were equally stable in animal and vegetal cells (Fig. 5C) . Therefore, vegetal cell-specific repression by the Mut2 region of the xCR1 3Ј UTR required a 5Ј cap and suggested that repression of xCR1 mRNA translation occurred by interfering with an aspect of translation initiation that required the 5Ј cap binding complex. PBEs in the 3 UTR of the xCR1 mRNA were necessary but not sufficient for vegetal cell-specific translational repression. The xCR1 Mut2 3Ј UTR (nucleotides 286 to 637) that was sufficient to confer translational repression on the luciferase reporter mRNA contained three potential PBEs (UGUAN AUA) (Fig. 6A) (36, 40, 51, 52 ). PBEs are binding sites for Pumilio proteins that function as translational repressors of specific mRNAs, such as the cyclin B1 and ringo mRNAs in Xenopus oocytes. Therefore, we postulated that these potential PBEs contributed to the translational repression of xCR1 mRNA in vegetal cells of embryos. To test whether these sequences were PBEs, we performed RNA binding experiments, using purified recombinant Pumilio-1 protein (GSTXpum1) (Fig. 6B ) (40) . In these electrophoretic mobility shift assays, short radiolabeled RNAs were tested for their ability to be bound by GST-Xpum1, which would retard migration through the gel compared to free RNA. A short RNA containing the potential PBEs 1 and 2 (PBE-1/2; nucleotides 323 to 369) (Fig. 6A ) was bound as efficiently by GST-Xpum1 as was the positive control RNA that contained a known PBE (NRE, from the Drosophila hunchback mRNA) (Fig. 6B , compare lanes 1 to 3 with lanes 10 to 12). In contrast, a negative control RNA (A30 RNA) of similar size was not bound by GST-Xpum1 (Fig. 6B, lanes 7 to 9 ). An RNA containing the third potential PBE (Fig. 6A , PBE-3, nucleotides 364 to 389) was bound weakly by GST-Xpum1 (Fig. 6B, lanes 4 to 6) . This third potential PBE contained a weaker match to the PBE consensus, which probably explained its diminished binding. To further test the binding specificity of the PBE-1/2 sites, another radiolabeled RNA, PBE1/2-Mut, was generated, in which the conserved UGU nucleotides known to be critical for Pumilio binding were replaced by AGA (Fig. 6A and C) . GSTXpum1 failed to bind the PBE-Mut RNA, whereas it bound the PBE-1/2 RNA efficiently (Fig. 6C, compare lanes 1 to 3 to  lanes 4 to 6) . Thus, the Mut2 region of xCR1 3Ј UTR contained functional PBEs.
To test the importance of the PBEs for translational repression of xCR1 mRNA within vegetal cells, reporter mRNAs were microinjected into animal or vegetal cells of embryos as in Fig. 4 and 5 and luciferase activity was measured (Fig. 6D) . The Luc/xCR1-3ЈUTR-MUT2 reporter mRNA previously shown to be sufficient for translational repression in vegetal cells (Fig. 4) contained wild-type PBEs (Fig. 6D) . A second reporter RNA, Luc/xCR1-3ЈUTR-Mut2-PBE-mut, was the same except that it contained UGU to ACA nucleotide substitutions in all three of the PBEs noted in Fig. 6A (Fig. 6D) . Strikingly, Luc/xCR1-3ЈUTR-Mut2-PBE-Mut RNA produced similar levels of luciferase in animal or vegetal cells and behaved similarly to the control cyclin B1 mRNA (Fig. 6E , compare Mut2-PBE-Mut to cyclin B1). In contrast, and as expected (Fig. 4) , the corresponding wild-type RNA that contained functional PBEs, Luc/xCR1-3ЈUTR-MUT2, produced significantly greater luciferase activity when injected into animal cells of embryos compared to vegetal cells (Fig. 6E, Mut2) . Control experiments indicated that the reporter mRNAs were equally stable in animal and vegetal cells (Fig. 6F) .
However, although the PBEs were necessary for vegetal cell-specific repression, additional experiments revealed that they were not sufficient. Specifically, the Mut4 reporter mRNA (Luc/xCR1-3ЈUTR-MUT4) that contained the three PBEs (nucleotides 286 to 413) but lacked sequences at positions 414 to 637 within the Mut2 region was not efficiently repressed in vegetal cells (Fig. 6E) . Thus, these data indicated that PBEs within the 3Ј UTR of xCR1 mRNA were necessary but not sufficient to repress translation of xCR1 mRNA specifically in the vegetal cells. These data suggested that Pumilio functions CUG-BP1 protein binding sites were also necessary but not sufficient for vegetal cell-specific repression. The Mut2 region of the xCR1 3Ј UTR also contains two binding sites for the CUG-BP1 protein (Fig. 7A) (16, 27) . The Xenopus CUG-BP1 protein is also referred to as EDEN-BP (16, 37) . The binding of CUG-BP1 proteins to mRNA 3Ј UTRs can negatively regulate mRNA translation in Xenopus embryos (37) . Recent experiments with Xenopus tropicalis (16), using CUG-BP1 immunoprecipitation, identified the xCR1 mRNA as a CUG-BP1 target and demonstrated that the 3Ј UTR contained CUG-BP1 binding sites. Therefore, we postulated that the CUG-BP1 sites in the Mut2 region of the xCR1 3Ј UTR contributed to the translational repression of xCR1 mRNA in vegetal cells. To test this hypothesis, a reporter RNA containing mutant CUG-BP1 sites (Luc/xCR1-3ЈUTR-MUT2-CUGBP1-Mut) (Fig. 7B) was assayed for vegetal cell-specific translation repression. The Luc/xCR1-3ЈUTR-Mut2-CUGBP1-Mut RNA produced similar levels of luciferase in animal and vegetal cells (Fig. 7C , compare Mut2-CUGBP1-Mut to cyclin B1). In contrast, the corresponding wild-type RNA that contained functional CUG-BP1 binding sites (Luc/xCR1-3ЈUTR-MUT2) produced significantly greater luciferase activity when injected into animal cells of embryos than when injected into vegetal cells (Fig. 7C) . Furthermore, the Mut-SH reporter RNA (Luc/xCR1-3ЈUTR-are underlined. Nucleotide 464, which is the 3Ј extent of the xCR1 3ЈUTR contained in Mut4, is indicated with a black triangle. (B) Xenopus Pumilio-1 protein binds the PBEs in the xCR1 3Ј UTR. Radiolabeled RNAs were mixed with 0, 50, and 150 pmol of GST-Xen-pum1 protein, and the formation of protein/RNA complexes was analyzed by native gel electrophoresis. Lanes 1 to 3, PBE-1/2 RNA; lanes 4 to 6, PBE-3 RNA; lanes 7 to 9, negative control A30 RNA; lanes 10 to 12, NRE RNA, a positive control RNA derived from the Drosophila hunchback mRNA. (C) Pumilio binding to the xCR1 3Ј UTR is specific. Radiolabeled RNAs were mixed with 0, 50, and 150 pmol of GST-Xen-pum1 protein, and binding was analyzed by native gel electrophoresis. Lanes 1 to 3, PBE-1/2 RNA; lanes 4 to 6, PBE-Mut RNA (UGU sequences of PBEs 1 and 2 were replaced by ACA); lanes 7 to 9, NRE positive control RNA. (D) Diagram of reporter mRNAs with xCR1 3Ј UTRs containing wild-type and mutant PBEs. (E) Reporter mRNAs were injected and analyzed as described in the legends to Fig. 3 Fig. 4 contained the CUG-BP1 sites but lacked sequences at positions 286 to 468 present in the Mut2 region, including the PBEs. The Mut-SH reporter was not capable of efficiently repressing translation in vegetal cells (Fig. 4) . Together, these data indicated that CUG-BP1 sites within the 3Ј UTR of xCR1 mRNA were necessary but not sufficient to repress translation of xCR1 mRNA specifically in the vegetal cells.
DISCUSSION
This report provides evidence that regulated translation of the xCR1 mRNA contributes to the restricted spatial accumulation of the xCR1 protein in the animal cells of Xenopus embryos. Specifically, translational repression of xCR1 mRNA within vegetal cells of embryos was mediated by PBEs and CUG-BP1 sites in the xCR1 mRNAs 3Ј UTR. To the best of our knowledge, this is the first example of a role for spatially regulated translation in the asymmetric distribution of a key maternal determinant within a vertebrate embryo.
Animal cell-specific accumulation of the xCR1 protein was due to vegetal cell-specific translational repression of the xCR1 mRNA. Two lines of evidence supported the conclusion that the xCR1 mRNA was subjected to translational repression within the vegetal cells of Xenopus embryos. First, although the xCR1 mRNA was uniformly distributed and polyadenylated throughout the cells of stage 7 embryos, only the xCR1 mRNA present in animal cells was associated with polyribosomes. These data provided evidence that some mechanism prevented the recruitment of xCR1 mRNA for translation in vegetal cells. Second, a reporter mRNA containing the 3Ј UTR of xCR1 mRNA was efficiently translated in the animal cells of embryos compared to the vegetal cells. In contrast, a reporter mRNA containing the 3Ј UTR of cyclin B1 mRNA was translated equally well in animal and vegetal cells. Thus, the 3Ј UTR of xCR1 mRNA contained sequence elements that repressed mRNA translation in vegetal cells but not animal cells. Together, these data provided evidence that vegetal cell-specific translational repression of xCR1 mRNA contributed to the accumulation of the xCR1 protein specifically within animal cells of embryos (9) .
Pumilio and CUG-BP1 binding elements within the xCR1 3 UTR contributed to vegetal cell-specific translational repression. The central 351 nucleotides of the xCR1 mRNA 3Ј UTR were sufficient to direct vegetal cell-specific translational repression. This region of the 3Ј UTR contained PBEs and CUB-BP1 binding sites. Mutations within either the PBE or the CUG-BP1 sequences eliminated the vegetal cell-specific translational repression of the reporter mRNA in vivo. However, although both sequence elements are required for repression, neither the PBEs nor the CUG-BP1 sites were sufficient. These results suggest that efficient vegetal cell-specific repression requires the combined actions of Pumilio and CUG-BP1 proteins potentially functioning with other components yet to be defined.
It is interesting to note that the 3Ј UTR of cyclin B1 contains both a PBE and a CUG-BP1 site and yet its translation is not repressed in vegetal cells (28, 32, 33) . Perhaps efficient vegetal cell translation repression exhibited by the xCR1 mRNA requires the actions of the multiple PBEs and CUG-BP1 sites present in the xCR1 mRNA's 3Ј UTR. Such multiple sites, arranged in a particular context, may be capable of translation repression, whereas single sites are not. Interestingly, the 3Ј UTR of the xCR1 mRNA contains putative cytoplasmic polyadenylation elements (CPEs) situated between the PBEs and CUG-BP1 sites (39) . Perhaps these CPEs contribute to translational repression in vegetal cells via CPE binding protein and Maskin proteins (7, 44) . This seems unlikely, since the 3Ј UTR of the cyclin B1 mRNA contains CPEs that can clearly repress translation in oocytes, but not in embryos. Another possibility is that the CPEs in the 3Ј UTR of the cyclin B1 are optimized for polyadenylation and translational activation, while the CPEs in the 3Ј UTR of the xCR1 mRNA are not. Such optimal CPEs in the cyclin B1 3Ј UTR and/or the polyadenylation that they direct may counteract the repressive effects of the adjacent PBE and CUG-BP1 site (28, 32, 33) . Systematic and comprehensive mutational analyses are necessary to sort out the balances between translational activation and repression signals that achieve remarkably different modes of mRNA behavior while presumably using similar sequence elements.
Pumilio and vegetal cell-specific translational repression. A role for Pumilio proteins in the negative regulation of mRNA function is well established and occurs by the repression of translation or the promotion of mRNA degradation (51, 52) . In Drosophila oocytes and embryos, Pumilio represses the translation of mRNAs encoding proteins that regulate embryonic patterning. For example, the Drosophila hunchback mRNA encodes a transcription factor critical for embryonic patterning, and hunchback mRNA translation is repressed in posterior regions of embryos (2, 21, 26, 31, 43) . In the case of the hunchback mRNA, Pumilio functions within a complex of proteins through Pumilio binding sequences (called NREs) in the hunchback mRNA's 3Ј UTR. This spatial translational repression ensures that hunchback protein is produced only by anterior cells and is thus is a critical mechanism for fly development. xCR1 is important for embryonic patterning by controlling the activity of the nodal signaling pathway (41) . It is interesting that although the molecular functions of the hunchback and xCR1 maternal determinants differ so fundamentally, the need for their spatial control relies on a conserved regulatory mechanism-translational repression via Pumilio proteins. Thus, despite the fundamental differences in the pathways that underlie the early patterning of embryos in invertebrate and vertebrate organisms, spatial regulation of translation via Pumilio is a conserved mechanism for controlling the patterning molecules of both types of organisms.
The 5 cap and repression. Vegetal cell-specific repression was disrupted when translation initiation was mediated by the CSFV IRES, providing evidence that a 5Ј cap was required for repression. This requirement raises the possibility that the messenger RNP that forms on the Mut2 region may mediate repression by affecting the binding of initiation factors to the 5Ј cap. Such mechanisms function with other maternal mRNAs (5, 48) . For example, the CPE binding protein in Xenopus oocytes represses the translation of mRNAs, such as the cyclin B1 mRNA, through interactions with the Maskin protein (1, 44) . Maskin binds to eIF4E and prevents eIF4E's association with eIF4G to block cyclin B1 mRNA translation. Also, in yeast, the Puf6 protein related to Pumilio binds to the eIF5b initiation factor and blocks translation of the Ash1 mRNA (8, 17) .
Pumilio and deadenylation complexes. In many cases, Pumilio proteins negatively regulate mRNAs as components of deadenylation complexes that contain the POP2 and the CCR4 deadenylases (15) . These complexes are multifunctional and can negatively regulate mRNAs by mechanisms other than deadenylation. For example, in yeast, the PUF5 protein binds to particular target mRNAs and directs the formation of a POP2/CCR4 deadenylation complex (13, 14, 20) . This complex is sufficient to repress target mRNA translation without deadenylation. By analogy, Pumilio binding to the 3Ј UTR of the xCR1 mRNA could direct the formation of a unique deadenylation complex that includes CUG-BP1 and represses translation in vegetal cells, independent of poly(A) removal.
CUG-BP1 proteins as negative regulators of mRNA function. In Drosophila, Bruno, a protein similar to CUB-BP1, represses the translation of specific maternal mRNAs, such as the oskar mRNA (48) . This repression requires Bruno response elements (BREs) in the 3Ј UTR of target mRNAs (22) . Bruno binds to the BREs and recruits the CUP protein (34) . CUP inhibits eIF4G binding to eIF4E to blocks the translation of BRE-containing mRNAs. In addition, the BREs bound by Bruno also negatively affect translation by promoting the oligomerization of target mRNAs (4). This oligomerization disrupts productive interactions of the BRE-containing mRNAs with translation factors. Further studies will be necessary to determine whether similar mechanisms involving Xenopus CUG-BP1 are used to repress translation of the xCR1 mRNA in the vegetal cells of embryos.
In Xenopus embryos, CUG-BP1 negatively regulates the translation of specific mRNAs, such as the c-mos mRNA by directing mRNA deadenylation (16, 37) . However, such a mechanism cannot account for repression of the xCR1 mRNA, as the xCR1 mRNA is polyadenylated in both animal and vegetal cells. This suggests that CUG-BP1 represses translation of the xCR1 mRNA via a different mechanism, such as disrupting one of the 5Ј cap-dependent steps of translational initiation. Thus, our results with the xCR1 mRNA suggest that CUB-BP1 has a broader role in regulating maternal mRNAs in Xenopus embryos than previously suspected. This idea is consistent with studies of mammalian cells in which CUG-BP1 regulates pre-mRNA splicing (19, 25, 38) , translation (46, 47) , and mRNA degradation via deadenylation (29, 50, 55) .
A critical key to understanding the spatially regulated repression of xCR1 mRNA translation will be to identify the proteins that form distinct messenger RNP complexes on the xCR1 3Ј UTR in vegetal cells. One possibility is that the Pumilio or CUG-BP1 proteins themselves are restricted to the vegetal cells of embryos. At present, there is no information available concerning the expression of these proteins in Xenopus embryos. An alternative possibility is that either Pumilio or CUG-BP1 is present in all embryonic cells but an important functional cofactor is confined to vegetal cells. This type of regulation governs Pumilio function in Drosophila embryos, where Pumilio is controlled by spatially restricting the Nanos protein, a Pumilio cofactor (12, 21) . Interestingly, the Xenopus Xcat-2 mRNA that encodes a protein related to Drosophila Nanos is localized to the vegetal cortex of oocytes (30) . After fertilization, both the Xcat-2 mRNA and the Xcat-2 protein are restricted to vegetal cells of embryos. Thus, the possibility that Xcat-2 could fulfill the role of a Pumilio cofactor and restrict Pumilio's function to vegetal cells of Xenopus embryos is intriguing.
